H. E. Davenport E x p e r im e n t a l
The occurrence of d istin ct haem oglobins in th e perienteric fluid an d b o d y w all o f A scaris is confirmed an d m ethods described for th e e x tra c tio n a n d p a rtia l p urification of th e pigm ents.
The ab sorption sp ectra of th e haem oglobins a n d th e ir prin cip al deriv ativ es were d eterm ined. B o th haem oglobins possess a rem ark ab le resistance to deoxygenation. This is due p rincipally to a low deoxygenation velocity. I n presence of N a 2S20 4 a t 20-5° C, p H 6, t50 for th e deoxygenation of th e perienteric fluid haem oglobin is 150 sec. com pared w ith 0*008 sec. for sheep haem oglobin (H artrid g e & H oug h to n 1923). W ith th e body-w all haem oglobin th e reaction is m ore ra p id ; t50 a t p H 6, 3°C, is 8 0 + 10 sec.
T he deoxygenation reactio n is accu rately unim olecular an d is in d ep en d e n t of th e con c en tratio n of th e reducing agen t.
W ith perienteric fluid haem oglobin th e te m p e ra tu re coefficient o f th e reactio n is 5 an d th e velocity is increased w ith increase of p H betw een 5 an d 9.
T he velocity of conversion of th e oxyhaem oglobins to m ethaem oglobin in presence of K 3Fe(C N )6 w as m easured. I n vacuo tbQ is th e sam e as for th e deoxygenation reactio n b u t d i verges from unim olecular ch aracteristics b eyond h a lf com pletion. A lthough th e velocity is in dependent of th e ferricyanide co n cen tratio n , a m easurable b ack reactio n w ith 0 2 occurs.
CO dissociates from b o th haem oglobins m ore ra p id ly th a n oxygen; 300 tim es m ore rap id ly w ith perienteric fluid haem oglobin a t p H 6, 3°C.
W hen A scaris is k e p t u n d er anaerobic conditions th e body-w all haem oglobin becom es deoxygenated b u t no change could be d e tec ted in th e p erienteric fluid haem oglobin.
I n t r o d u c t i o n
The nature of the metabolic process in nematodes parasitic within the alimentary canal of mammals has been the subject of controversy since Weinland (1901) claimed to have proved that Ascaris lumbricoides is an obligate anaerobe. A review of the progress of this controversy has been given by Laser (1944) together with additional evidence that the parasite is not completely independent of a supply of oxygen. He concluded th at the oxidative enzymic system of Ascaris shows a perfect adaptation to low 0 2 tension; or conversely, that the low 0 2 requirement is con ditioned by the peculiar enzymic system. The unusual 0 2 relations of Ascaris lends interest to the observation of Keilin (1925) that the parasite possesses two spectroscopically distinct haemoglobins. The pigments occur respectively in the perienteric fluid and body wall of the worms. Von Brand (1938) was inclined to attribute to the haemoglobins a functional role as oxygen carriers.
The object of the present paper is the study of the properties of the Ascaris haemoglobins with particular reference to their possible function as oxygen carriers at extremely low tensions of the gas. E x p e r im e n t a l
The source, method of collection, and manner of keeping the Ascaris material used in this work has been described by Baldwin (1943) . Batches of worms always exhibit the pink coloration due to haemoglobin, but the intensity of this colora tion shows wide individual variations.
Strips of the body wall, consisting of cuticle, hypodermis, and muscle, when viewed with the Hartridge spectrometer against a strong light, exhibit the spectrum of oxyhaemoglobin with the bands at o t =5 798A same preparation with the Zeiss microspectroscope as microscope ocular shows the spectrum to be most intense in the lateral field thickenings of the hypodermis. It is possible by careful scraping to separate first the muscle layer and then the hypo dermis from the cuticle. Viewed in layers of similar thickness, the oxyhaemoglobin spectrum in the hypodermal tissue is about three times more intense than that of the muscle layer. In both tissues the position of the absorption bands is the same.
The absorption bands of the perienteric fluid oxyhaemoglobin are situated nearer to the blue than those of the body-wall pigment. The positions are a =5784A, /? = 5415 A.
The washed gut of Ascaris contains only traces of haemoglobin but the constant presence of other haematin derivatives may be demonstrated by digesting the gut in n KOH, reducing with Na2S20 4, and examining spectroscopically. The spectrum of haemochromogen, having the a-band at 5576 A, is seen. The haematin content of the gut is usually low but worms were occasionally observed to have the organ coloured dark brown by aggregations of haematin. This condition was always correlated with abnormally high concentrations of haemoglobin in both the body wall and the perienteric fluid.
Extraction of the haemoglobins
An average sample of Ascaris perienteric fluid, from worms kept for 18 hr. in the balanced saline medium described by Baldwin (1943) , has a dry weight of 60-0 mg./ml. About half the dry m atter is protein (32-5 mg./ml.) The haematin content is usually 3*3 x 10~5 m. Assuming 1 g.mol. haematin to be equivalent to 17,000 g. haemoglobin, then the haemoglobin of the perienteric fluid represents only 2 % of the total protein.
The fluid was removed by slitting the worms and draining in a funnel. Dialysis against distilled water in cellophane for 24 hr. gave a dense precipitate which was removed by centrifuging. The supernatant was brought by dialysis to 0*53 satura tion (NH4)2S04 at pH 7 and the precipitated protein centrifuged off and rejected. The bright red solution was then dialyzed against (NH4)2S04 to 0-73 saturation. The precipitate, which contained all the haemoglobin, was separated in the centri fuge, dissolved in the minimum phosphate buffer pH 7 and dialyzed against distilled water. This solution contained usually 2-3 x 10-4 m haematin, representing as haemoglobin 12% of the dry weight.
Solutions having a haemoglobin content of 20% of the dry weight could be obtained by further fractionation but, in view of the small amount of m a te r ia l mailable, the losses attending the fractionation, and the tendency of the pigment » form methaemoglobin, the less pure solution was used in the experiment is to yj described. After removal of the perienteric fluid, the integument of the worms was freed om gut and reproductive organs and extracted overnight with distilled water, he pink solution was fractionated in the same way as the perienteric fluid, with le omission of the preliminary dialysis. The final solution usually contained 5 x 1 0~4 m haematin, representing, as haemoglobin, 12 to 15 % of the dry weight.
Estimation of haemoglobin
Haemoglobin was estimated as haematin by measuring the light absorption in te a-band of the haemochromogen p produced by simultaneo duction. The suitably diluted haemoglobin solution was added, in the cell of the ilger-Nutting spectrophotometer, to an equal volume of a solution of Na2S20 4 in NaOH. The density at 5 5 7 6 A was read 10 min. after mixing. Haemin, prepared and recrystallized by the method of Fischer (1922) , was used i standard. For this purpose a solution of alkaline haematin was prepared by ssolving a weighed amount of haemin in 0 -5 n NaOH. Ascaris protein, spectroopically free from haematin, was prepared by treating a concentrated Ascaris temoglobin solution with acid acetone. A 0 -4 % solution of the protein was made 0 in 0 -5 n NaOH. From these solutions the standard haemochromogen was jveloped in the spectrophotometer cell by adding 1 vol. of the suitably diluted lematin solution to 2 vol. of the globin solution to which excess of Na2S20 4 had 3en added. Ten minutes after mixing the density at 5 5 7 6 A was read. Absorption '(efficients (j were calculated from the formulâ = s loge/ ' here c is the concentration of haematin in g.mol./ml., d is the thickness of the bsorbing layer, I0 and I are the intensities of incident and transmitted light sspectively. For the haemochromogen standard /? 5 5 7 6 = 0 -6 4 x 108. When pig globin was substituted for Ascaris protein in the preparation of the aemochromogen standard the value of fi was unchanged but the a-band maximum as situated nearer the red at 5585A. The observation th at the position of the -band in haemochromogen prepared directly from Ascaris haemoglobin is the ame as in the haemochromogen prepared from haemin and Ascaris protein, is vidence th at the haemoglobins have ferroprotoporphyrin as prosthetic group.
T h e p r o p e r t i e s o f t h e h a e m o g l o b i n s
Absorption spectra of the oxyhaemoglobins
The absorption spectra of the oxyhaemoglobins were measured in a Hilger^utting visual spectrophotometer. Apart from the different positions of the ab sorption maxima, the results for both oxyhaemoglobins were similar and in both pigments absorption in the /?-band is greater than in the a-band. This condition is 258 not typical of oxyhaemoglobin from other animal sources where the a-band slight! exceeds the /?-band in intensity. Keilin & Wang (1945) have, however, describe a similar type of spectrum in the oxyhaemoglobin they isolated from the nodules c leguminous roots.
The dissociation of oxygen from oxyhaemoglobins
The essential property of haemoglobin is the capacity to enter into a labi: combination with molecular oxygen and to give up this oxygen at low tensions < the gas. Both Ascaris oxyhaemoglobins were found to possess an exception! resistance to deoxygenation when they were equilibrated against vacuum. ]fl change could be detected in the spectrum of a solution of the perienteric flui oxyhaemoglobin, pH 7 after equilibration against a frequently renewed vacuui in a Thunberg tube at 20°C for 1 hr. After 3 hr., evidence of slight deoxygenatic was given by an increase in the intensity of the oxyhaemoglobin spectrum whe air was readmitted to the tube.
Deoxygenation of the body-wall oxyhaemoglobin occurred more readily. ] 3 hr. at 20°C about half the pigment was in the deoxygenated form.
Prolonged exposure to low tensions of oxygen, under these conditions, hasten< the formation of methaemoglobin and even gentle shaking resulted in some d naturation of the pigment. I t was therefore not found possible to secure comple deoxygenation of either pigment by extending the duration of the equilibratio Thus the usual methods for determining the oxygen equilibrium curves could n be applied to the Ascaris haemoglobins. Nevertheless the results are a qualitati indication that the oxygen affinities of the Ascaris haemoglobins are unusual high. Under the same conditions of equilibration it was possible to deoxygena horse-muscle haemoglobin completely in 5 min.
The kinetics of the deoxygenation reaction
When Na2S20 4 is added to the Ascaris oxyhaemoglobins the two absorptt bands are replaced by a single band at 555 The spectrum (figure 1) is that a typical haemoglobin. The remarkable feature of the change is that it occr slowly, in contrast to the apparently instantaneous deoxygenation of other haem globins in presence of this reducer. Subsequent reoxygenation completely restor the spectrum of oxyhaemoglobin.
The velocity with which oxygen dissociates from a number of vertebrate haem globins, in presence of Na2S20 4, was investigated by Hartridge & Roughton (192 and by Millikan (1933 )-Salomon (1941 made a similar study of tv invertebrate haemoglobins. These reactions proceeded so rapidly that the ingenio rapid-flow technique devised by Hartridge & Roughton (1923) was necessary f their measurement. The slowness of the reaction with the Ascaris haemoglobi made possible the use of a simple static method.
Method
Ascaris oxyhaemoglobin, in an evacuated Thunberg tube, was rapidly mix< with N a2S20 4. The progress of the reaction was followed by comparing the spectru the solution in the tube with th at of a variable optical mixture of haemoglobin id oxyhaemoglobin in the spectrocolorimeter arrangement described by Hill 936)-Each Thunberg tube contained 3 ml. of a dilute solution of oxyhaemoglobin a. 0-7 x 10~4 m haematin) in m/15 buffer. The required amount of solid Na2S20 4 as weighed into the hollow stopper. After evacuation of the tube the reaction as started by inverting the tube and shaking to ensure rapid solution of the ducer. The cups of the spectrocolorimeter contained, respectively, Ascaris oxy hemoglobin and haemoglobin diluted to the same effective concentration as the The haemoglobins of Ascaris lumbricoid.es 259 dgment in the vacuum tube. The haemoglobin solution contained excess Na2S20 4 nd a layer of liquid paraffin above the solution retarded the ingress of air. During the reaction the vacuum tube was held upright in a glass water bath >etween the upper light source and the microspectroscope. The temperature of he water in the bath was thermostatically controlled.
After the reaction commenced readings were taken at convenient intervals until leoxygenation was about 85 % complete.
In each series of experiments the haemoglobin in the reaction tubes and in the spectrocolorimeter cups was derived from a single preparation of the pigment. Occasional preparations contained up to 10 % methaemoglobin. At the start of she reaction the methaemoglobin fraction in the vacuum tube was immediately seduced to haemoglobin. Since one cup of the colorimeter still contained a mixture 260 of oxyhaemoglobin and methaemoglobin, accurate matching of the spectra ws impossible. To overcome this difficulty the methaemoglobin in the cup was coi verted to oxyhaemoglobin by the addition of ferrous potassium oxalate. R e su l t s H. E. Davenport
Perienteric fluid haemoglobin
The results of a typical experiment with the perienteric fluid haemoglobin a given in figure 2a . The data has been replotted on a semilogarithmic scale to she that the reaction follows a strictly unimolecular course over the entire series readings (figure 26). The result is analogous to those obtained by Hartridge Roughton (1923) with sheep haemoglobin but, although the order of the reacts is the same, the magnitude of the time scale is very different. Thus the time f half completion (t50) of the reaction shown in figure 2 is 150-0 sec. compared wi 0-008 sec. for sheep haemoglobin under the same conditions. The effect of varying the concentration of Na2S20 4
In a series of measurements carried out under otherwise similar conditions, t] concentration of Na2S20 4 was varied eightfold. The results of these experimen (table 1) showed th at this variation was without significant effect upon the reacti< velocity.
From this it was inferred that if any direct reduction of the oxyhaemoglob molecule occurs, it plays an insignificant part in the overall reaction. Simil results with sheep haemoglobin led Hartridge & Roughton (1923) to conclude th; Na2S20 4 reacts only with oxygen liberated by the dissociation of oxyhaemoglobi moving this oxygen faster than it recombine with haemoglobin, thus reducing te back reaction to zero. This interpretation of the mechanism of the reaction can Lerefore be extended to the Ascaris pigment, confirmation th at the pigment assesses the capacity to undergo reversible oxygenation, the essential property ' haemoglobin. a b l e 1 . E f f e c t o f d i f f e r e n t c o n c e n t r a t i o n s o f Na2S20 4 o n t h The effect of
The change from acid to alkaline pH, within the physiological range, is accom panied by an increase in the deoxygenation velocity. The results of the determinaions are shown as a graph in figure 3 where the dissociation velocity constant is dotted against pH. The values of k are given by the formula loge 2 derived rom the equation for a unimolecular reaction. Below pH 6 the reaction velocity emains steady but, with increasing alkalinity to pH 9 the value of t50 diminishes torn 400 to 200 sec. Difficulty was experienced, at pH 's more alkaline than 9, in oreventing the denaturation of some haemoglobin. Where denaturation had oc curred an intense haemochromogen band appeared immediately the reaction was commenced. When this was observed no further readings were taken. In order to verify that the pH effect was not due to a change in the mode o action of the reducing agent with increasing pH, the concentration of Na2S204 wa: varied ninefold in a series of determinations carried out at pH 8-5. The variatioi was without effect upon the reaction velocity, thus excluding the possibility tha there was a direct reduction of oxyhaemoglobin at the higher pH values.
The sensitivity of the oxygen equilibrium curves of vertebrate haemoglobins t< changes in pH was shown by Hartridge & Houghton (1923) to be due to the effec of this factor upon the deoxygenation velocity. With sheep haemoglobin deoxy genation at pH 5 was about eight times faster than at pH 8. Compared witl mammalian haemoglobin, the effect of pH on the dissociation of oxygen fron Ascaris perienteric fluid haemoglobin is thus reversed in direction and small© in magnitude.
The effect of temperature
Although Ascaris is a poikilothermous animal, incapable of temperature regula tion, its habitat within the gut of a mammal ensures the maintenance of a constarr temperature around 38° C. The effect of temperature variation upon the deoxy genation velocity of the haemoglobin was therefore examined. Figure 4 express© the results of measurements at temperatures between 4° and 20° C. Over this range the reaction velocity increases more than twenty times.
H. E. Davenport I t follows from the Arrhenius equation that log is proportional to 1 when T is the absolute temperature. The data are plotted in figure 5 to show thii relationship. The reaction has the high temperature coefficient of 5, comparec with the value of 3-8 obtained by Hartridge & Roughton (1923) for sheep haemo globin. From figure 5 it is possible to extrapolate to 38°C, giving 10 sec. as th< approximate value of t50 at that temperature. By a similar extrapolation Hartridg< & Roughton deduced that tb0 for sheep haemoglobin at 37°C would be 0-0025 sec Although the temperature coefficient of the reaction with Ascaris haemoglobin if high, it is not sufficiently great to give a reaction velocity at mammalian bod} temperature comparable with that of mammalian haemoglobin.
The body-wall haemoglobin
Preliminary observations showed th at Ascaris body-wall oxyliaemoglobin is ^oxygenated more rapidly than the perienteric fluid pigment and in order th at efficient readings could be taken for the characteristics of the reaction to be cammed, the measurements were carried out at 3°C. With fresh preparations of te oxyhaemoglobin, 60 hr. after the worms were killed, the value of f50 in measureents at pH 6, 3°C is 80 + 5 sec., compared with 2300 sec. for perienteric fluid lemoglobin under the same conditions. The reaction is accurately unimolecular id its velocity independent of the concentration of the reducer. Consecutive determinations of the deoxygenation velocity of any single preparaon of the haemoglobin gave consistent results, but wide variations were often btained in the results from different preparations. These variations were found to •e the result of a slow diminution in the deoxygenation velocity with time, but reparations up to one week old were always deoxygenated at least four times tster than the perienteric fluid haemoglobin under the same conditions.
The formation of
Spontaneous oxidation of the Ascaris oxyhaemoglobins to methaemoglobin ccurs extremely slowly. In presence of K 3Fe(CN)6 at pH 6, acid methaemoglobins re formed. The spectrum is normal with major bands at 500 and 630 my. The lkaline methaemoglobins, formed at pH 9, have an unusual spectrum dominated »y a strong but diffuse band at 537 m y with a very faint a-band at 565 my. This pectrum is in striking contrast to that of mammalian alkaline methaemoglobin, vhere the bands are distinct and differ little in intensity.
The partition between the alkaline and acid forms of the perienteric fluid methaenoglobin was measured by comparing the spectra of solutions at different pH 's vith a variable optical mixture of the acid and alkaline forms in the cups of the ipectrocolorimeter. The pK of the Ascaris methaemoglobin is 7-4, compared with 8-2 for pig methaemoglobin.
The velocity of formation of methaemoglobin
When K 3Fe(CN)6 is used to oxidize the oxyhaemoglobins to methaemoglobin the change occurs slowly. This observation was not unexpected since, according to Conant (1923) , ferricyanide reacts only with dissociated haemoglobin and not directly with oxyhaemoglobin. Assuming the validity of this conclusion, and in the absence of a back reaction, the velocity of oxidation becomes a measure of the deoxygenation velocity. Measurements were therefore made of the rate of formation of methaemoglobin from the Ascaris oxyhaemoglobins in presence of ferricyanide in order th at the reaction could be compared with the deoxygenation reaction in presence of Na2S20 4. Method
The method was similar to th at used in the deoxygenation velocity measurements. In the stopper of the vacuum tube solid K 3Fe(CN)6 replaced Na2S20 4 and the cups of the spectrocolorimeter contained methaemoglobin (pH 6) and oxyhaemoglobj respectively. All experiments were carried out at pH 6, where the contrast betwee the spectra of the two components of the reaction is greatest.
Results
The data for a typical experiment with the body-wall haemoglobin vacuo plotted on a semilogarithmic scale in figure 6. In the same figure the result i a deoxygenation experiment on the same preparation under the same conditioi is also shown. The initial velocity of the two reactions is the same, giving identic values of t50. In its later stages however, the velocity of the ferricyanide diminishes and the semilogarithmic points diverge from the straight line chara teristic of a unimolecular reaction.
Similar results were obtained with the perienteric fluid haemoglobin, but hei the departure from unimolecular characteristics is smaller. Neither the initi velocity of the reaction, nor its subsequent course, were influenced by a fourteenfo] variation in the ferricyanide concentration. Direct reaction between oxyhaem* globin and ferricyanide does not therefore occur.
H. E. Davenport tim e (sec.) Where experiments are carried out in , t ligible, but oxygen liberated in the reaction accumulates to a final concentratioi equal to that of the haemoglobin haematin. I t was conceivable that the departin'* from unimolecular characteristics was due to a back reaction between this oxyger and dissociated haemoglobin. Control experiments with oxyhaemoglobin whicl had been equilibrated against air or oxygen showed that the initial velocity of tin reaction was decreased, proving the existence of a back reaction at high oxygen ;nsions. Table 2 gives the results of these experiments with perienteric fluid aemoglobin. The magnitude of the effect is small. A fivefold increase in oxygen rnsion between air and oxygen results in a 16 % diminution in the reaction velocity, he effect of the small amount of oxygen liberated from the low concentration of xyhaemoglobin used in experiments in vacuo would therefore lie well within the xperimental error of the method of measurement. It was concluded th at the ivergence from the characteristics of a unimolecular reaction could not be exlained as the result of a back reaction.
'a b l e 2 . T h e e f f e c t o f v a r i a t i o n s i n t h e 0 2 t e n s i o n u p o n t h e r e a c t i o n Roughton (1934) suggested th at nothing is known of the effect of oxidizing one r more of the iron atoms in mammalian CO-haemoglobin, upon the dissociation f CO from another of the four iron atoms. The number of haem groups in the iscaris haemoglobin molecule is not known, but the assumption th at oxidation of *ne iron atom diminishes the tendency of oxygen to dissociate from other haem groups in the molecule would provide a possible explanation of the divergence of the erricyanide reaction from unimolecular characteristics. The molecule of mammalian nuscle haemoglobin contains one haem and Millikan (1936) found dissociation of jO from this haemoglobin, in presence of ferricyanide, to be strictly unimolecular.
VELOCITY OF A S C A R IS P E R IE N T E R IC FL U ID OXYHAEMOGLOBIN IN PR ESEN CE OF

Deoxygenation of the haemoglobins in vivo
In view of the remarkable resistance shown by the Ascaris haemoglobins to leoxygenation, experiments were carried out to determine whether the worm is capable of bringing about deoxygenation in vivo.
In these experiments, six large female Ascaris were confined in a tightly stoppered 150 ml. flask containing normal saline from which all air had been removed by soiling. Alternatively, individual worms were corked up in narrow tubes containing saline. The tubes or flasks were incubated at 37° C and examined spectroscopically against a strong light at intervals.
Signs of deoxygenation were observed in about 2 hr. when the bands of oxyhaemoglobin began to diminish in intensity and the colour of the worms became duller. At this stage the worms became inactive. After 6 hr. incubation the bands of oxyhaemoglobin were very faint. Continued incubation resulted in no further change but the oxyhaemoglobin spectrum was fully restored when air was again admitted.
There was evidence that only the body-wall oxyhaemoglobin underwent deoxygenation and that the faint oxyhaemoglobin spectrum which always persisted after prolonged anaerobiosis, was due to the perienteric oxyhaemoglobin. The portion of a female Ascaris anterior to the genital pore is very muscular, with a greatly constricted perienteric cavity. Behind the genital pore the reproductive organs lie in a much dilated perienteric space and the body wall is relatively thinner, The-perienteric fluid haemoglobin thus contributes proportionately more to the spectrum of the posterior region of the worm than to the anterior region. In worms which had been incubated in tubes for 6 hr. the residual oxyhaemoglobin spectrum was relatively stronger in the posterior region.
Confirmation that the perienteric fluid haemoglobin resists deoxygenation unde] these conditions was obtained by withdrawing the fluid with precautions to prevent the ingress of air. The dead space of a record syringe was filled with medicina paraffin and perienteric fluid extracted from worms incubated for 6 hr. Spectro scopic examination of the fluid through the glass barrel of the syringe gave n( indication that any deoxygenation had occurred.
Relations of the haemoglobins with
When CO was passed through a solution of either of the Ascaris haemoglobins previously deoxygenated with Na2S20 4 the solution immediately became cherry red and showed the spectrum of CO-haemoglobin (figure 1). Although the ab sorption bands are more diffuse, they resemble, both in their relative and absoluti intensities, the bands of mammalian CO-haemoglobin. The 'span' (distanci separating the bands of H b 0 2 and HbCO) of both Ascaris haemoglobins is 90 t< 95 A. This high value they share with the haemoglobin of leguminous root nodule (Keilin & Wang 1945) and that of Gastrophilus la the spans are 100A and 95 A respectively.
Carbon monoxide displaces oxygen from combination with the Ascaris haemo globins extremely slowly. Equilibration against pure CO for 1 hr. at 20° C results in a shift of the band of 60 A for the perienteric fluid and 80 A for the body-wa] haemoglobin. Prolonged equilibration with frequent renewal of CO is necessar; for complete conversion. Moreover the CO-haemoglobins in the absence of reducing agent rapidly revert to oxyhaemoglobin on exposure to air. Compare with the oxygen affinity the CO-affinity of the haemoglobins is therefore low.
Velocity of dissociation of CO from the Ascaris haemoglobins
In the absence of a suitable reagent for absorbing CO, Millikan (1936) measure the dissociation velocity of mammalian muscle CO-haemoglobin by using ferri cyanide to oxidize dissociated haemoglobin as fast as it was produced. This methoi was applied to the Ascaris haemoglobin.
5 ml. of a solution of oxyhaemoglobin, pH 6, in a Thunberg tube were reduce with the minimum amount of Na2S20 4. The hollow stopper, containing 40 mg K 3Fe(CN)6, was replaced and the tube evacuated. Pure CO was then admitte to convert the haemoglobin to CO-haemoglobin. The reaction was started by rapid! verting the tube with shaking to ensure solution of the ferricyanide. Where >ssible the progress of the reaction was followed by comparing the spectrum of ie solution in the tube with th at of an optical mixture of methaemoglobin (pH 6) id CO-haemoglobin in the cups of the spectrocolorimeter. In order to diminish e effect due to the photochemical decomposition of carboxyhaemoglobin the umination of the reaction tube was switched on only when a reading was being ken and was reduced to the minimum compatible with ease in comparing the >ectra. At 15°C the reaction with both haemoglobins was too rapid for measurement, t 3°C the rate was sufficiently diminished for two readings with each tube conining perienteric fluid haemoglobin but readings were still not possible with ie body-wall pigment. Figure 7 summarizes the results of three experiments with perienteric fluid iemoglobin plotted semilogarithmically. At 3°C, t50 was 10 sec. and -0-07. nder similar conditions for the deoxygenation reaction 2-5 x 10~4. Carbon tonoxide thus dissociated from combination with the haemoglobin about 300 mes faster than oxygen. tim e (sec.) Most of our knowledge of the properties of haemoglobins, and the manner in vvhich these properties are related to the oxygen requirements of the organism, has been derived from the study of vertebrate haemoglobins. In this phylum haemo globin occurs universally and must have arisen a t an early stage in evolution.
Among invertebrates, on the other hand, the distribution of the pigment is irre gular. It is absent from some large phyla and in others where it occurs sporadically it may be absent or replaced by other respiratory pigments in closely related forms. Keilin & Wang (1945 , 1946 have pointed out that since all cells of aerobic organisms contain haematin catalysts every such cell is a carrier of the prosthetic group of haemoglobin. They suggest that the factor limiting the distribution of haemoglobin is the inability of many cells to synthesize the highly specific proteins which, combined with haem, give haemoglobin its essential property of reversible oxygenation.
The phylogenetic relationships of invertebrates possessing haemoglobin give no indication whether this ability has arisen de many times in evolution or whether J the ability has been retained only in those forms where possession of haemoglobin confers some survival value. Svedberg & Eriksson (1933) considered that inverte-l brate haemoglobins formed, in their chemical properties, a homogeneous group ) distinct from vertebrate haemoglobins, and advocated a revival of the name erythroeruorin to describe them. But Keilin & Wang (1945 , 1946 in their studies j of the haemoglobins of leguminous root nodules and larvae have now ] shown that haemoglobins from non-vertebrate sources may differ as widely from the erythrocruorins of Svedberg & Eriksson as from vertebrate haemoglobin. This diversity, associated with the discontinous distribution, is strong evidence that the j ability to synthesize haemoglobin arose independently a number of times in in-j vertebrate evolution.
The properties of the A s c a r i sh aemoglobins diverge still furth other haemoglobins. Most striking is the impossibility of bringing about deoxy-j genation in the absence of reducing agents, within a convenient time. It is of interest that Aducco (1889) extracted a haemoglobin from the nematode -phyme renale, a kidney parasite of the dog, and observed a similar resistance to deoxygenation in vacuo.
The kinetic background to the oxygen equilibrium state in mammalian haemo globins has been elucidated by Hartridge & Roughton (1923 , 1925 , Roughton (1934) and by Millikan (1933 Millikan ( , 1936 . The haemoglobins upon which they worked combined with, and dissociated from oxygen with great rapidity, but specific differences in their reaction velocities were detected. Millikan (1936) showed that the high oxygen affinity of mammalian muscle haemoglobin was the result of a high association velocity, the dissociation velocity being of the same order of magnitude as that of the blood of the same mammal. On the other hand, changes in the oxygen affinity arising with changes of pH or temperature in blood haemoglobin were shown by Hartridge & Roughton (1923) to be due to the influence of these factors upon the deoxygenation velocity.
Little work of this kind has been carried out using invertebrate haemoglobin. Salomon (1941) compared the deoxygenation velocities of the haemoglobins of two annelid worms and found that, although specific differences could again be detected, the reaction time for both pigments was of the same order of magnitude as for vertebrate haemoglobins. Table 3 illustrates the contrast between these results and the deoxygenation velocities of the Ascaris haemoglobins.
In spite of this contrast, the reaction of the Ascaris pigments, in presence of Na2S204, has the characteristics of a deoxygenation and not a true reduction. Tht reaction is accurately unimolecular and its velocity independent of the concentra->n of the reducing agent. Moreover, oxidation of the oxyhaemoglobins in presence ferricyanide proceeds initially at the same rate as the deoxygenation reaction. Slow reactions of this kind are not without precedent in the gas relations of her haemoglobins. Roughton (1934) found th at the velocity constant for disciation of CO from sheep haemoglobin at pH 7-4 and 20°C is 0-044. Under the me conditions the same value was obtained for the deoxygenation reaction with scam perienteric fluid haemoglobin. Carbon monoxide dissociates from sheep haemoglobin 10,000 times more slowly lan oxygen and associates only 30 times more slowly. The great affinity of sheep aemoglobin for CO, 250 times the affinity for oxygen is thus principally due to the >w velocity of dissociation of CO from the pigment. The high oxygen affinities of re Ascaris haemoglobins are similarly associated with a low oxygen dissociation elocity. Increase of pH within the range 5 to 9 increases the tendency for oxygen to issociate from the perienteric fluid haemoglobin. Hartridge & Roughton (1923) mind this pH effect to be in the reverse direction with sheep haemoglobin. Morever, they observed th at the curve relating pH to the dissociation constant resembles he ionisation curve of a weak monovalent acid, and th at the effect accounted for he Bohr effect in the equilibrium curves of the haemoglobin. Ferry & Green (1929) >bserved a reversal of the Bohr effect below pH 6-5 and their findings have been correlated by German & Wyman (1937) with the base-binding power of haemoglobin md oxyhaemoglobin at different pH 's. Under physiological conditions oxyhaemo-'lobin is a stronger acid than haemoglobin but German & Wyman found the •everse to be true between pH 4-5 and 6-1. In this acid range the effect of oxy genation is therefore to reduce the acid dissociation of one or more oxylabile groups.
In spite of a high temperature coefficient the low deoxygenation velocity of the perienteric fluid haemoglobin renders it ill fitted to serve in the rapid transference of oxygen to the oxidative enzyme system, and there is no evidence that deoxy genation occurs in vivo. All nematodes lack a blood vascular system and entry of oxygen in those parasites which do not habitually ingest arterial blood of the h0< is by diffusion across the cuticle. In Ascaris, body-wall haemoglobin occurs j highest concentration in the hypodermal layer immediately below the cuticl Although the haemoglobin has a very high oxygen affinity the deoxygenatio velocity of fresh preparations, at the low temperatures where measurement h a static method was possible, is 40 times greater than in the perienteric flui pigment. Compared with mammalian haemoglobin the reaction is still slot Nevertheless Ascaris can utilize the oxygen bound by the body-wall haemoglobi and it is of interest that, at the point where deoxygenation commences, the won becomes inactive. Slater (1925) found th at when this inactivity was prevented h the application of induction shocks, the survival time of the worms was greatl diminished and he concluded th at a supply of oxygen was essential for norm; activity. This was the first direct evidence th at Ascaris is not a complete anaerot and led to numerous measurements of the oxygen uptake. Laser (1944) hj reviewed this work and has shown that the oxidative enzyme system of the parasil is adapted to, or conditioned by, low oxygen tensions. I t is probable that the bodt wall haemoglobin plays a part in supplying the low oxygen requirement.
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